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Abstract. Alzheimer's disease is a modern scourge and is likely to become increasingly so in the future, with increasing longevity.

The disease has been investigated for over one hundred years yet its causes and that of the neuropathological characteristics seen
in AD brain are still completely unknown. Evidence for a major causative role of a common virus, herpes simplex virus type

1 (HSV1), acting in combination with a genetic factor — the type 4 allele of the apolipoprotein gene, a known susceptibility
factor — is presented here. The characteristics of the virus, some of which make it an especially likely candidate for this role, are
described, as are the many precedents for the action of a genetic factor modulating outcome of infection. Various possible ways

in which HSV1 might lead to development of AD, such as its up-regulation of various enzymes and in particular certain kinases,

its effect on the cell cycle, on autophagy, and its inflammatory and oxidative effects are also discussed. It is concluded that there

is strong evidence that the virus is indeed a major factor in AD and therefore there is a strong case for appropriate treatment, and
possibly for prevention in the future.

Keywords: Abnormal tau phosphorylation, Alzheimer’s disease, amyloapolipoprotein E, autophagy, cell cycle, cholesterol,
herpes simplex virus type 1, inflammation, oxidation

Alzheimer’s disease (AD), like cardiovascular dis- sons. Firstly, during acute brain infection with this
ease, is generally an affliction of the elderly. However, virus, the brain regions that are afflicted are the same
unlike the latter — in which several major risk factors as those that exhibit the neuropathological features of
have been discovered, such as smoking, hypertension, AD. Also, survivors of this HSV1 acute brain disease
and obesity — few risk factors and certainly no causes exhibitlong-termeffects thatinclude memory loss [58].
of AD are known at present, despite the vast amount A further reason why HSV1 might be involvedin AD is
of research and vast sums expended, especially on thethat the virus is ubiquitous — infecting about 90% of the
main neuropathological features that are thought to be adult population — a necessary characteristic, in view
central to disease pathogenesis. of the relatively high prevalence of AD. Finally, the

Several chronic disorders are known to be caused by ability of the virus to remain in a latent form through-
pathogens, including viruses in various cancers and the Ut life —and to reactivate — in the peripheral nervous
bacteriumHelicobacter pylori in stomach ulcers [56]. system (PNS) after |nfec_t|on (_aarly in life could explam
There is a good rationale for considering that AD too WhY AD symptoms manifest in older people. This re-
has an infectious aetiology: in particular, herpes sim- View discusses the involvementof HSV1in AD in more
plex virus type 1 (HSV1), a common neurotropic virus detail, _stres§|ng the similarity b_etween the effects of
that infects most humans, is implicated for several rea- HSV1 infection and those seen in AD.
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ing cold sores, genital herpes, keratitis, and herpes sim- ly genes encode proteins that interfere with antigen
plex encephalitis (HSE). Most of the population is in-  presentation, disrupt protein synthesis and control the
fected with this virus, usually at an early age, although expression of the other two classes of HSV1 genes.
the rise in socio-economic level has led to an increase The early genes are primarily involved in DNA syn-
in the age at which primary infection occurs. Once thesis whereas many of the late genes encode struc-
infected, the virus persists in the peripheral nervous tural proteins. Once sufficient viral proteins are avail-
system, usually in the trigeminal ganglia (TG), for the  able, capsids assemble and viral DNA is packaged into
remainder of the infected person’s life. them. The tegument proteins then bind to the capsid
HSV1 has a double-stranded DNA genome, which and the viral particles acquire an envelope by budding
is encased in an icosahedral protein capsid. The capsidinto the inner nuclear membrane. Subsequent egress
is surrounded by a complex protein structure known  from the cell involves fusion of the enveloped viral par-
as a tegument, which is further enclosed by a lipid tjcles within the perinuclear space with the outer nucle-
membrane into which several glycoproteins are embed- 5y membrane, and the naked capsids produced obtain
ded[71]. _ _ _ their lipid envelope either from the plasma membrane
The key “aim” of HSV1 (like other viruses) is ©0 o from organelles such as the Golgi apparatus and the
further its own replication, which it does by subverting endoplasmic reticulum (ER) before being transported
cell mechanisms to provide all the components need- (4 the cell surface [75]. HSV1 infection causes se-
ed. Also, during the course of infection, the virus has yere structural and biochemical changes that ultimate-
to preserve itself from destruction by the host, and 10 | a4 10 cell death. Such changes include alterations
preserve the host cells until they have served their pur- i, yhe nycleolus, non-random, site-specific chromoso-
pose. Ultimately, the v!rus_leaves the confmes_ of the damage, cytoskeletal and matrix abnormalities, and
E?OS(E;:S"’ fatally wounding its temporary home in the modifications to the plasma and organelle membranes.
HSV1's assault on the cell begins with attachment to ab'g\/:d:g\(;g (;[;)n tSr? ds:gglljz;i\:liy“f?ncfzg:ng; Stﬁgkz/?:j al
heparan sulfate prote(_)gly_can (HSPG) rr_lolecules on the genon’1e is present but no viral pa}ticles are p’)roduced;
cell surface [100], which involves two viral glycopro- although exposure to certain stimuli can cause the virus

teins — gB and gC [30]. Subsequently, the virus binds to awaken from its latent state and enter a productive
to specific cell surface receptors, including a member . . : : proguct
lifecycle. Viral gene expression during latency is limit-

of the tumour necrosis factor receptor family [60], an : .
P y [60] ed to one locus — the gene encoding the latency associ-

HSPG molecule with specific structural features [80], X

and nectin-1 [29]. Interestingly, nectin-1, a member of ated transcript (LAT). LATs are abundantly expressed

the immunoglobulin superfamily that is related to the mhRNA m_ole?ules_ and fthﬁy appear nolt(to be translla:]ed.

poliovirus receptor, and which is involved in the for- 1 N€ Precise function of the LATS is unknown. It might

mation of synapses, is processed by-secretase-like be involved in reactivation of the virus since HSV1

enzyme [46]. Binding to these specific receptors is me- Mutants that do not express LAT exhibit reduced or
delayed reactivation [12]. However, LAT might also

diated by glycoprotein D [50]. Once binding has oc- St | ;
curred, the virus enters the cell via fusion with the cell  function in the establishment phase of latency: strains

membrane, although recent studies have revealed that®f HSV1 that are mutant in LAT establish latency in

in some cell types HSV1 enters by endocytosis [64]. fewer cells than wild type strains [87].

Once inside the cell, the tegument components and the ~ AlsO, recent studies have demonstrated that LAT

capsid are available to cause havoc to the cell’s machin- has anti-apoptotic properties, including evidence that

ery. The function of many of the tegument proteins re- LAT encodes a microRNA that interferes with apopto-

mains unclear but one of the best described is the virion Sis [33]; although other parts of LAT might have anti-

host shutoff (vhs) protein, which shuts off host protein ~ apoptotic activity [19].

synthesis by degrading mRNA molecules [51]. The

capsid, meanwhile, travels to the nucleus where it is

disassembled, releasing the viral DNA. Subsequently, HERPESSIMPLEX VIRUSTYPE 1IN BRAIN

the viral genome circularises and viral gene expression

is initiated by a protein complex consisting of two host Herpes simplex encephalitis (HSE) — the severe brain

proteins and an HSV1 tegument protein. disorder caused by HSV1 —is extremely rare, affecting
There are three temporal classes of HSV1 genes: 1-3 people in every million. The brain regions that are

immediate early, early and late. The immediate ear- primarily affected in this disorder are the frontal and
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temporal cortices, which are the brain regions that ex-
hibit the most damage in AD [2]. Several early studies
attempted to determine whether the virus was in hu-
man brain under normal, non-HSE circumstances but
the results obtained were equivocal, mainly because of
the insensitivity of the techniques used [77,85]. How-
ever, the advent of the ultra-sensitive polymerase chain
reaction (PCR) provided a means of overcoming this
sensitivity problem. Indeed, using PCR, Jamieson et
al. [42] discovered that HSV1 DNA is present in a high
proportion of brains of elderly people, including AD
patients. The viral DNA was found in the temporal and
frontal cortices but it was absent from the occipital cor-
tex, which is much less affected in AD [43]. The virus
was also absent from the brains of most young people
tested, suggesting that the virus reaches the brain in
older age as the immune system declines [43].
Several groups have since confirmed that HSV1
DNA is present in human brain tissue, some of them
also demonstrating that the viral DNA is present in AD
patients [4,9,32,61,72]. PCR is not the only technique
to show HSV1 presence in human brain: enzyme linked
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may not necessarily be “affected” and consequently,
that not only patients but also “controls” may be in-
fected. For example, cold sores, which are caused by
HSV1, afflict only 20-40% of the population, despite
the high prevalence of HSV1 and its reactivation in ev-
erybody infected [45]. Thus a host factor might well
determine whether an infected person develops cold
sores and similarly, whether an individual with HSV1
in brain develops AD. In fact this was found to be so:
HSV1 confers a high risk of AD when in brain of car-
riers of a specific allele of the gene called APOE — the
APOE<4 allele [41,53]. APOE4, although a known
susceptibility factor for AD [23,74], is neither neces-
sary nor sufficient for the disease, i.e., it must act in
conjunction with another factor(s). The joint genetic-
environmental risk factor that we have discovered ac-
counts for 60% of our cases. Presumably, other factors
account for the remaining 40%.

Our results showed that the AD brain is not predis-
posed to HSV1 infection, as the proportion of elderly
controls harbouring HSV1 in brain is similar to that
of AD patients [41,42,53]. Similarly, APOE4 car-

immunosorbent assay was used to detect antibodies toriers are not predisposed to HSV1 infection, as very

the virus in the cerebrospinal fluid (CSF) of both AD
sufferers and aged normals [98]. The rationale for seek-
ing these antibodies was that an intrathecal antibody

few of the brain-infected elderly controls carry a
allele. Intriguingly — and consistently, we also found
that APOEe4 is a risk for cold sores.

response is seen after HSE where antibodies inthe CSF  Mechanistically, there are several possible ways in

can persist for several years. Our demonstration of this
intrathecal immune response in AD and elderly normals
subjects not only confirms that HSV1 is present in hu-

man brain but it also reveals that the virus has replicat-

ed there, causing an acute, perhaps recurrent, infection.

Also, consistent with the PCR findings, younger people
were found to lack this HSV1-specific intrathecal im-
mune response [98]. More recently, we have used the
technique ofn situ PCR to confirm that the brains of
AD patients and age-matched controls contain HSV1
DNA and to show that the virus is present in neurons
(Wozniak, Mee, Itzhaki, in preparation).

HERPES SIMPLEX VIRUSTYPE 1,
APOLIPOPROTEIN E AND ALZHEIMER’'S
DISEASE

The fact that HSV1 is present in the brains of elderly
controls as well as AD patients does not weaken the
argument that HSV1 is involved in the disease. A ma-
jor concept pertinent to micro-organismsis that suscep-
tibility to, and outcome of, infection is modulated by
genetic factors, which means that an “infected” person

which HSV1 and the protein, apoE, might interact. It
could be at the level of the immune system, if the im-
mune system of APOE4 carriers were less able to
combat HSV1 infection. Alternatively, the damage
caused by HSV1 in brain might be repaired less well
in APOE<4 possessors. ApoE and HSV1 might also
interact at the level of the cell surface: both the virus
and the protein bind to HSPG in the cell surface before
attaching to specific receptors for entry into the cell [44,
100]. Thus, HSV1 and apoE might compete for HSPG
binding and cell entry, and if apoE4 were to compete
less well than the other isoforms, more cells would be
infected, causing greater damage and leading to AD.
This hypothesis is strongly (even if indirectly) support-
ed by our studies showing that APOE genotype gov-
erns outcome of infection by several other infectious
agents that use HSPG and/or specific apoE receptors
for binding and entry (Table 1). These include HSV1
not only in cold sores [41,53] but also in HSE [54],
hepatitis C virus (HCV)-induced damage in liver [96],
and varicella zoster virus (VZV) in post-herpetic neu-
ralgia (PHN) [99]. Another group found that in HIV-
infected people, APOE influences damage in brain and
PNS pre-AIDS [22] and two recent studies of ours sug-
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Table 1
Summary of infectious diseases with an APOE association
Pathogen Disease Allele/genotype conferring risk Allele/genotype Ref.
conferring protection
Herpes simplex virus type 1 Alzheimer's dieseae APSIE- [40,52]
Herpes simplex virus type 1 Cold sores APGE- [40,52]
Herpes simplex virus type 1 Encephalitis APGE- [53]
HIV Dementia APOE=4 [22]
HIV Peripheral neurophathy APO# [22]
Hepatitis C virus Severe liver disease APGE- [95]
Varicella zoster virus Shingles APOH<4 (females) [98]
Varicella zoster virus Post herpetic neuralgia. AP&E4 (females) [98]
Plasmodium falciparum Malaria (earlier susceptibility) APEE2 [94]
Mycobacterium tuberculosis Pulmonary tuberculosis ARQHfemales) in preparation

gest that APOE determines age of first infection by the
malaria protozoon [95] and outcome of infection with
Mycobacterium tuberculosis (Wozniak, Maude, Innes,
Hawkey, Itzhaki, in preparation).

Further evidence supporting the importance of
APOE in HSV1 infection is provided by studies on

are also consistent, as the authors point out, with those
of Perng et al. indicating that LAT expressionvitro
blocks apoptotic death induced by various insults [68].
Miller and Federoff suggest that the critical damage
relevant to AD caused by HSV1 and APQE-is a
greater vulnerability of infected neurons in APQE-

APOE-transgenic mice. These demonstrate that the carriers, leading to A-mediated synaptic and cellular

ability of HSV1 to enter the brain is dependent on

APOE gene dose and that during acute and latent HSV1

infection of mice, the viral load in brain is greater in
animals expressing the human AP®G&allele than in
those expressing the APQB-allele [15-17]. These
data suggest that the APQHE-allele either facilitates
entry of the virus into human brain or allows the virus
to spread and replicate more efficiently in brain. These
effects might well be explained by a competition effect
with apoE4, as described above.

Another potential mechanism of interaction between
APOE and HSV1is atthe level of viral gene expression.
Miller and Federoff investigated the effect of APOE

dysfunction [59].

HERPES SIMPLEX VIRUSTYPE 1 AND THE
NEUROPATHOLOGICAL FEATURES OF
ALZHEIMER’S DISEASE

The AD brain is characterized by two abnormal
features: amyloid plaques and neurofibrillary tangles
(NFT). Plaques are composed of amylgidfAg),
which is derived from amyloigd protein precursor
(ASBPP) via proteolytic cleavage by the enzynseand
~-secretase (reviewed in [11]). NFT consist mainly of

on the expression of specific HSV1 genes during acute tau, a microtubule-associated protein which, in AD, is

and latent infection [59]. They used primary neuronal
cultures from APOE-transgenic and APOE-knockout

abnormally and hyper-phosphorylated by several en-
zymes including protein kinase A (PKA) and glyco-

(KO) mice to assess viral IE gene expression, and found gen synthase kinases3 Interestingly, HSV1 encodes

the highest level in cells from KO and APQE-mice.
Examination of the animals’ trigeminal ganglia showed
that LAT expression was least in KO and APGE-
animals. The authors conclude that in the latter two
groups, the virus remains longer than the usual five or
so days in the replicative phase prior to latency, thus
prolonging lytic infection and cell death, and that the
data support the conceptthat HSV1in brainand APOE-
€4 synergistically promote neuronal death — death oc-
curring in AD. Interestingly, a study by Bhattacharjee
et al. similarly showed the importance of APOE in the
response to HSV1, latency being less efficiently es-
tablished in the trigeminal ganglia of APOE KO mice
than in control animals [10]. The Miller-Federoff data

a protein that activates, and is functionally homologous
to, PKA [8].

Despite the amount of research being carried on amy-
loid plaques and NFT, their cause is still unknown;
however, several lines of evidence have linked these
neuropathological features with HSV1. Firstly, Cribbs
et al. discovered that an HSV1 glycoprotein (gB) has a
sequence highly homologous to a segment Gfaad
that synthetic peptides derived from this homologous
region accelerate the formation ofiibrils invitroand
are neurotoxic at similar doses t@A24]. These pep-
tides also self-assemble into fibrils that are ultra struc-
turally indistinguishable from A [24]. The authors
therefore suggested that HSV1 might act as a “seed” for
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plague formation [24]. Secondly, Satpute-Krishnan et
al. showed that APP is associated with HSV1 during
anterograde transport of the virus [76], a process which
might affect ABPP degradation and synaptic function.
Consistently, our findings reveal that HSV1 indeed af-
fects breakdown of APP — in human neuroblastoma
cells: Western blotting, and more recently immunocy-
tochemistry, shows that #PP levels decrease on in-
fection (an expected effect of the virus, as it causes
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ter mitosis; instead there is evidence of arrest — at the
G2/M phase — and this leads to cell death [63,93]. In
addition, phosphorylation of certain tau residues has
been shown to occur during mitosis (in SHSY5Y cells)
suggesting that inappropriate stimulation of cells into
cycle contributes to the abnormal phosphorylation of
tau in AD [25]. Interestingly, the tau phosphorylation
we have observed in infected cells is identical to that
occurring in the mitotic cells, signifying that many in-

a general decrease in host cell protein synthesis), and fected cells have entered the cell cycle. In fact HSV1

there is a large increase in a 55 kD C-terminal frag-
ment, which includes the Asequence [79]. Moreover,
we have since found that infection with HSV1 leads
to Ag accumulation in cells and consistently that the
enzymes responsible for/Aproduction are increased
in HSV1-infected cells too [97]. Interestingly, itis now
thought that intracellular formation of _ 4> peptide,
rather than extracellular deposition of3Ais an early
eventin AD. We have linked HSV1 to tau too by show-
ing that HSV1 infection of human neuroblastoma and
glioblastoma cells in culture causes abnormal, AD-like
phosphorylation of tau. Also, the enzymes responsible
for this abnormal phosphorylation increased in infect-
ed cells (Wozniak, Frost and Itzhaki, in preparation).

Taken together these findings strongly support a causal

role for HSV1 in plague and NFT formation (Fig. 1).
The possibility that deposition of A peptide and ab-
normal tau phosphorylation are a consequence of cell
death caused by the virus rather than of direct action
by the virus can be discounted, as tau phosphorylation
is maximal by 6 hours post-infection; this is well be-
fore the virus replication cycle has been completed and
presumably, the cell machinery providing the neces-
sary components for viral replication could not function
once the cell has died.

Interestingly, brain injury and other viruses (e.g.,
HIV [27,69] and measles viruses [3]) cause some of
the neuropathological features of AD but it should be
stressed that HSV1, unlike these other viruses or brain
injury, is uniquely able to cause such damage, as it is
presentin a high proportion of elderly brains.

HERPES SIMPLEX VIRUSTYPE 1,
ALZHEIMER’SDISEASE AND THE CELL
CYCLE

Accumulating evidence suggests that the cell cycle
is activated in AD and that it contributes to disease

infection subverts various cell processes, including the
host cell cycle machinery, to benefit viral survival and
replication. In particular, despite its decreasing most
host cell protein synthesis, it activates many kinases,
including cdc2 kinase, an enzyme not normally ex-
pressed in resting neurons [70], and interestingly, in
AD this kinase is upregulated [92]. Also, although
the virus shuts down host DNA synthesis fairly soon
after entry, later in infection it causes cells, including
neurons — cells that do not normally go into cycle —
to re-enter cycle; however, in a situation that parallels
that in AD, HSV1 stops the progression at the G2/M
stage as mitosis would presumably greatly perturb viral
replication [102].

ALZHEIMER’SDISEASE AND HSV1'S
CIRCUMVENTION OF HOST DEFENCE
MECHANISMS

HSV1 has developed several strategies to circumvent
the cellular processes that protect the host from infec-
tion (Fig. 2). Firstly, one of the envelope glycoproteins
present on the surface of the virus —gC —is able to bind
to complement component C3b [28]. This interaction
protects the virus from complement-mediated neutral-
isation. The virus is protected also from clearance by
antibodies as two of its glycoproteins (gE and gl) form
a heterodimer that binds to the Fc region of host IgG
molecules [81]. Once inside the cell, HSV1 has addi-
tional evasion technigues. One method is by interfer-
ing with antigen presentation. MHC class | molecules
present peptides to CB8T lymphocytes at the cell
surface. Presentation of viral peptides would result in
the infected cell being targeted for destruction; thus, it
is advantageous for HSV1 to inhibit this process [88].
The virus does this by encoding an immediate early
protein — infected cell polypeptide 47 (ICP47) — that
binds to and inhibits the transporter associated with

pathogenesis. In AD neurons, aberrant expression of antigen processing (TAP), an essential component of

many cycling enzymes occurs but the cells do not en-

MHC class | antigen presentation [88]. Interestingly, a
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Fig. 1. Putative action of HSV1 in the formation of amyloid plaques and neurofibrillary tangles (see text for explanation).

recent study has shown that polymorphisms in the TAP
gene are associated with AD, especially in carriers of
the APOE¢4 allele [13]. It was suggested that certain
variants in the TAP gene might affect its interaction
with ICP47 and thus possessors of such variants might
be less able to deal with HSV1 brain infection, resulting
in AD.

Another host defence mechanism circumvented by
HSV1is the activation of protein kinase R (PKR). PKR
is activated by double stranded RNA molecules and this
results in the shutoff of all protein synthesis, which it
mediates by the phosphorylation of thsubunit of the
eukaryotic initiation factor 2 (elR2) [86]. Although
HSV1isadouble-stranded DNA virus, it encodes genes
on both strands of the genome, resulting in expres-
sion of complementary RNA molecules [21]. HSV1

is, therefore, particularly susceptible to PKR-mediated
protein shutoff — which it needs to prevent in order to
allow synthesis of proteins for progeny virions — and
as such has evolved two proteins to deal with the PKR
response. One of these proteins is encoded by the US11
gene and binds to double-stranded RNA molecules,
thereby preventing the activation of PKR [20]. The oth-
er protein is the product of the infected cell polypeptide
34.5 (ICP34.5) gene; this replenishes the pool of active
elF2« by recruiting the cellular protein phosphatase 1
to dephosphorylate elle2 allowing protein synthesis

to proceed [35]. Remarkably, there is increasing ev-
idence to suggest that PKR activation is involved in
the neuronal degeneration in AD: both activated PKR
and phosphorylated elle2are present in post mortem
brain tissue from AD subjects [67] and a recent study
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Fig. 2. Circumvention by HSV1 of host defence mechanisms (see text for explanation).

has shown a genetic association with polymorphisms
in PKR in AD [14]. Although PKR activation is a

Itis obviously very difficult to compare the effects of
HSV1 infection on a cell during its relatively short time

component of several stress-activated pathways and its course with the protracted development of AD, partic-

activation in AD may be a consequence of these rather
than an antiviral mechanism, it is tempting to speculate
that the activated PKR found in the AD brain is part of
the brain’s response to HSV1. The reason why PKR
activation and elFR2 phosphorylation are found in AD
brain despite HSV1's ability to suppress these effects
might be explained by the fact that both US11 and

ularly at the earlier stages of the disease, pre-diagnosis,
about which there is necessarily very little information.
In fact certain cellular differences have been detect-
ed between earlier versus later stages of AD, e.g., au-
tophagic processes (see next section) increase early in
the AD brain though they are less apparent later [57],
and presumably there are many other differences be-

ICP34.5 are late genes and so the effects observed intween the initial damaged cell and its final terminal

the AD brain could represent the early stages of HSV1
reactivation.

state, in AD, and on HSV1 infection. The difficulties
are compounded by the fact that the virus, on reacti-
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vation from latency, i.e., from an existence merely as
a DNA molecule, requires synthesis of each compo-
nent for formation of intact virions, whereas in sim-

ple acute infection, the complete pre-packaged virus
already exists and on cell entry can immediately start
its infectious cycle [73]. Further, the requirement of

the virus at earlier stages of infection — the need to
keep the cell alive while subverting its mechanisms to
viral requirements, i.e., replication of all viral compo-

nents — must differ from those when viral progeny have
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matory mediators are common to both HSV1 infection
and AD. Thus the inflammatory molecules associat-
ed with AD might reflect HSV1 infection. For exam-
ple, infection with HSV1 leads to the production of tu-
mour necrosis factat, interleukin 6, interleukin 8 and
interferon-inducible protein 10 [55], all of which are
elevated in the brains of AD sufferers [18]. In addition,
peripheral mononuclear cells from AD patients exhib-
it elevated expression of RANTES and MCP-1 [39],
two chemokines that are also increased in HSV1 in-

been made; at the latter stage the damaged cell is nofection [55]. Further, interleukin A (IL-13) is ele-
longer needed and so it can die. Repeated reactivation vated in AD [62] and, in mice, protects against HSV1

compounds the problem, but meets the requirement for
a long-term (potentially) damaging agent which could
lead to chronic disease — a requirement which would
not be met by a single acute environmental event such
as brief infection or head injury.

HERPES SIMPLEX VIRUSTYPE 1,
ALZHEIMER’SDISEASE AND AUTOPHAGY

Autophagy is a process that involves the lysosomal
degradation of the cell’s own components [57]. It is
particularly important for the catabolism of aberrant
proteins that the eventual malfunctions in autophagy
might explain the accumulation of abnormal proteinsin
certain neurological diseases, including AD [65,101].
The cause and mechanism of autophagic dysfunction
in AD remains unclear but it might very probably in-
volve HSV1 since autophagy, as well as degrading host

encephalitis [78]. Perhaps in AD the brain responds
to HSV1 infection by producing more ILAl— which
might explain the fact that full-blown encephalitis is
not evident in the AD brain.

Inflammation, as well as being a consequence of
HSV1 infection, can reactivate the virus [49]. (This
phenomenon could account for the apparent protective
effect shown in some, though not all, studies on non-
steroidal, anti-inflammatory agents against AD [52];
these agents, by preventing inflammation, would stop
the reactivation of HSV1 in brain, thereby reducing
the damage caused by the virus.) Inflammation in the
brain might originate from the periphery, since there is
a growing body of evidence to suggest that peripheral
events strongly influence processes in the brain rele-
vant to AD. For example, inflammatory cytokines in
the periphery, produced during systemic infection, can
lead to stimulation of immune cells in the CNS and
consequent inflammation which, in elderly humans,

proteins, is a defence mechanism that has evolved to causes cognitive decline, and in animals, memory loss.

deal with invading pathogens. To compensate for this

Perhaps in humans the cognitive decline is caused by

defence mechanism, many pathogens have co-evolved inflammation-induced reactivation of HSV1.

processes that counteract autophagy.
HSV1, the virally-encoded ICP34.5 interferes with au-
tophagic degradation (heterophagy) of the intruding
pathogen via its modulation of PKR and etF283,

84]: this process would also prevent autophagic degra-
dation of abnormal cell proteins such ag p0]. Thus,

as we have found [97], HSV1 infection would lead to
accumulation of 4.

HERPES SIMPLEX VIRUSTYPE 1,
ALZHEIMER’SDISEASE, INFLAMMATION
AND OXIDATION

Inflammation is a key event in many viral infec-
tions, including HSV1. Markers of inflammation are
found in the AD brain too, and in fact several inflam-

In the case of

The influence of systemic infection on CNS function
has been described in detail by Konsman et al. [48].
Invasion of the body by micro-organisms triggers pro-
duction of pro-inflammatory cytokines by peripheral
phagocytic cells, and the resulting immune message is
conveyed to the brain via neural and humoral pathways
which stimulate expression of cytokines in the brain
by macrophage-like cells and microglia. Interestingly,
these innate immune cells in the brain increase in reac-
tivity with age and thus aging would lead to a greater
extent of inflammation in brain —which could well con-
tribute to the development of neurological disease [31].
In fact in rodents, experimental peripheral infection or
lipopolysaccharide injection causes memory defects in
older but not in younger animals [5], and in humans,
several epidemiological studies have shown an associ-
ation between extent or number of infectious episodes
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and cognitive decline in the elderly. Firstly, seropos-
itivity for herpesviridae, APOE4 carriage, and low
education level in elderly cardiovascular patients were
found to be associated with risk of cognitive impair-
ment [82]. Secondly, Aiello et al. [1] have shown that
elderly subjects with higher levels of antibody (IgG) to
another herpes virus, cytomegalovirus (CMV), suffer
greater rates of cognitive decline over a four year pe-
riod (no such changes in level of IgG to HSV1 were

detectable — as would be expected, since the titre re-
mains unaltered between and during periods of recrude-

scence [91]). Another study on elderly humans — AD
patients — has shown that cognitive decline occurs for
at least two months after systemic infection [37]. In
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HERPES SIMPLEX VIRUSTYPE 1,
ALZHEIMER’S DISEASE AND
CHOLESTEROL

Several studies have shown that statins, drugs that
lower cholesterol, reduce the risk of developing AD,
and other reports have shown that high levels of choles-
terol fed to animals or given to cell cultures promote
the formation of A from ASPP by regulating secre-
tase activity [94]. These data have led to diets rich in
cholesterol being strongly implicated in AD — although
conclusions from the epidemiological studies remain
somewhat controversial. Interestingly, HSV1 infection
leads to a marked accumulation of cholesterol, partly

younger people, in contrast, no such decline was noted due to decreased hydrolysis of cholesterol esters and

after systemic infection [26]. All of these studies are
consistent with a viral role in AD in that they suggest
that repeated systemic infection causes inflammation
in brain which reactivates latent HSV1 in brain, which
could cause AD.

Another phenomenon common to HSV1 and AD is
oxidative damage. In AD, there is evidence that oxida-
tion of the major cell macromolecules — nucleic acids,
proteins and lipids — occurs at an early stage in the

decreased efflux of cholesterol [38]. Thus, in HSV1-
infected cells in the brain there might be an accumula-
tion of cholesterol. The increase in cholesterol levels
caused by HSV1 infection might partly account for our
recent discovery that HSV1 causes an increasedn A
peptides in infected neural cells and mouse brain [97].
Afurther connection between HSV1, cholesteroland
AD has been postulated by Hill and colleagues [36].
They suggest that statins disrupt the formation of lipid

disease, preceding the main neuropathological changesrafts, thereby inhibiting the spread of the virus through
seen in AD brain, and such changes are also displayed the nervous system. Lipid rafts, of which cholesterol

in animal models of the disease and in biological flu-
ids of AD patients. It is suggested that aggregation

is an essential component, are a requirement for en-
try of HSV1, as shown recently by Bender et al. [7].

of A and tau are compensatory responses to oxida- However, the concept depends on whether statins are

tive stress; indeed, cell culture studies show that ox-
idative stress causes intracellulgs Accumulation and
tau phosphorylation [66]. Similarly, the direct effects
of viruses, including HSV1, on cells plus the host’'s
inflammatory responses to viral infection can lead to
increased formation of reactive oxygen and reactive ni-

definitely protective against AD and this is still uncer-
tain. A possible role for APOE in this mechanism —
determining the level of cholesterol in lipid rafts (as it
does in plasma) —is suggested by the finding in APOE-
transgenic mice that the amount of cholesterol is about
two-fold higher in certain components of the plasma

trogen species [90]. These species in turn can regulate membrane in APOE4 than ine3 animals [34]. If this
host inflammatory and immune responses as well as is true of humans also, HSV1 might enter and spread

causing oxidative damage in nucleic acids and proteins
and in lipid-containing structures to which, the nervous
system, being cholesterol and poly-unsaturated lipid-
rich, is particularly susceptible [90]. Even during latent
HSV1 infection (of mice) there is evidence of oxidative
damage and of persistent inflammation, and it is sug-
gested on the basis of detection of oxidation products in
differenttypes of cell, that not only the latently infected
neurons but also uninfected neurons and glial cells are
damaged [90]. However it should be mentioned that if
a very low level persistent infection i.e., virus replica-
tion, were to occur, it might be below the limits of de-
tection by convention techniques and therefore would
not be distinguishable from latent infection.

more readily in brain of APOE4 carriers.

CONCLUSION

In summary, we propose that during events such as
stress and peripheral infection, latent HSV1 reactivates
(as in the PNS) and causes an acute but localised in-
fection, perhaps a “mild”, variant type of encephali-
tis, causing greater damage — both direct, and indirect
via inflammatory processes —in APQE-arriers, and
eventually, AD. (Cases of mild — and of recurrent —
HSE have been reported: these perhaps occur relatively
often but are under-diagnosed [47,89].) APOE might
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act via the immune system, or by affecting the spread
of virus in brain by apoE isoform-specific competition
with HSV1 for entry into cells, or by determining the
extent of repair of virally-damaged tissue, although our
data favour the second explanation. The actual dam-
age might well comprise the effects of the virus, de-
scribed above, on A, tau, and on the cell cycle, which
strikingly resemble those occurring in AD. We hope to
examine such possibilities by investigating the effects
of HSV1 infection of APOE-transgenic mice, and in
particular, to find if APOE=4 animals develop AD-like
pathology.

At present, treatment of AD is palliative at best; our
data provide a strong rationale for a completely differ-
ent approach, namely, antiviral therapy, and perhaps in
future, vaccination against HSV1 early in life. Unfor-
tunately, no clinical trials of antiviral drugs —which are
readily available and of low cost — have yet been set
up for AD, even though such trials have been held for
multiple sclerosis sufferers [6], despite the less strong
evidence of a herpesvirus involvement in the latter. We
very much hope that pharmaceutical companies will
not be deterred from establishing such trials for AD
patients merely because of the older age of the patients
compared to MS sufferers.
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